fission occurs with a sufficiently high probability to make extraction of an individual spin experimentally feasible, then the relation between M and the y spin of the primary fragments is greatly obscured. This is due to the fact that the fissioning nucleus loses a substantial amount of its intrinsic spin to orbital angular momentum of the fission fragments. This difficulty can be substantially reduced by employing the sequential emission of light particles as the probe of the spin of one of the DI fragments, 14 -17 Light particle emission generally converts a much smaller fraction of the DI fragment's intrinsic spin into orbital angular momentum than does sequential fission and thus the difficulties of relating y-ray multiplicity data to spin are similarly reduced. Therefore, the determination of both theY-ray multiplicity as well as the out-of-plane a-particle distributions for the same system is an attractive combination of techniques.
For the system 280 MeV 40 Ar + 58 Ni, Babinet et al ., 15 have shown that a-particle emission from the target recoil nucleus could be isolated by careful select ion of the detect ion angles, Au and Kr + Ho,the evidence for rigid rotation is indirect because of ~-wave fractionation effects.
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In this paper we report on an investigation of the transfer and partition of angular momentum in a deep-inelastic reaction for a system intermediate in mass between the light systems for which clear evidence for rigid rotation exists and the heavier systems where the evidence is masked by ~-wave fractionation. A brief account of this work has appeared previ-
.
84 nat ously.
The cho1ce of the 664 MeV Kr + Ag system was motivated by several considerations. To insure an easy connection between the out-of-plane a-particle distributions and the original spin of the nucleus, it is important to have mainly first chance a-particle emission. However, in order for the experiment to be feasible, the a-particle multiplicity should not be too small. The Kr + Ag system satisfies these conditions, In addition, it has been shown 9 , 18 that in this mass region M can be rather y directly related to the sum of the intrinsic spins,
To extract the spin of one of the deep-inelastic fragments, we must be able to measure the out-of-plane distribution of light particles which have been emitted from only one of the deep-inelastic fragments. A velocity -4-diagram of our experimental configuration is shown in Fig. 1 . The circles indicate the locus of points for the most probable a-particle emission from fragments with atomic numbers 36 and 47. This figure indicates that if the out-of-plane data are acquired at an in-plane angle equal to or larger than the recoil direction, there should be little contamination from the projectile-like fragment. It should be noted that our experiment is designed to utilize the well-known and understood process of a-particle evaporation from excited nuclei to extract information concerning the spins of these -nuclei. We are specifically trying to avoid detecting nonevaporative emissions, reports of which have appeared prolifically in the literature.
3 ' 19 , 20 We will show that the a-particles observed in this experiment are the result of evaporation from fully accelerated deep-inelastic fragments.
II. Experimental
In-and out-of-plane data were obtained in two separate experiments at the Lawrence Berkeley Laboratory SuperHILAC. The experimental setup is schematically depicted in Fig. lb . Beams of 84 Kr impinged upon natAg 2 2 targets with thicknesses of 0.97 mg/cm and 0.59 mg/cm for the in-and out-of-plane runs, respectively. The target was placed in a holder that could rotate about two perpendicular axes, thus allowing a choice of target angle and tilt to minimize the energy loss of alpha particles and heavy ions in the target. A gas ionization telescope (for the in-plane run) or a solid state telescope (out-of-plane run) was used to detect the projectile-like fragment. The 6E-E telescope served to define the reaction plane and to identify the atomic number (Z) of the detected fragment. The Z-telescope was placed at ¢z = 26°, slightly behind the grazing angle, with solid angles of 4.8 msr and 6.8 msr (corresponding to acceptance angles of +2.2° and ~2.7°) for the in-and out-of-plane experiments, respectively.
On the opposite side of the beam, an arc with both in-and out-of-plane arms was used to mount up to five light particle (LP) solid state 6E-E telescopes (40 ~m-5 mm). The arc was attached to a thin-walled domed lid, which, when placed on the scattering chamber, seated the foot of the arc into a cradle on an externally movable arm. The error in the angle of any LP telescope was estimated to be no roore than 0.5°. The solid angles of the LP telescopes were measured with a 241 Am source of known activity and the relative efficiencies checked with a 212 Pb source. The solid angles of the LP telescopes agreed to within ~3% of the geometric solid angle. Absorbers ranging from 10.1 mg/cm 2 Ta to 1 mg/cm 2 Au were placed in front of the LP telescopes to reduce the rates of heavy ions, X-rays, and low energy electrons striking these counters. The detection threshold for a-particles was approximately 10 MeV, primarily due to the thickness of the first element of the telescope rather than to the absorbers.
An array consisting of eight (in-plane run) and seven (out-of-plane run) 7.6 x 7.6 em Nai detectors was utilized to measure they-ray multiplicity (MY). These detectors were positioned above the reaction plane at an out-ofplane angle of 45° and at a distance of 23 em from the target. This distance was sufficient to separate neutrons from y rays by their time of flight. 21 In the out-of-plane run, an eighth Nai with a reduced solid angle was used to obtain y-ray energy data. The fragment total kinetic energies (TKE) were calculated event-by-event from the measured kinetic energies assuming two body kinematics and were corrected for pulse-height-defect, absorber losses and particle evaporation effects. Part b of Fig. 2 shows the TKE spectrum integrated over the Z-values shown in part a. A strong DI component is observed that is well separated from the quasielastic component. Since we were interested in a-particle emission from fully relaxed collisions, only Z-a coincidence events which satisfied the gate shown in Fig. 2b were analyzed. The highenergy shoulder above the elastic peak is due to a small amount of a heavy target contaminant which adds a negligible contribution to the DI-region of the TKE spectra.
Representative singles a-particle energy spectra are shown in Fig. 3a for three lab angles. An increase in the complexity of the spectral shape is observed as the lab angle decreases from 90° to 30°. This is not unexpected. Since the measured evaporation residue cross section for this system is less than 50 mb 23 , the only emission source that should significantly contribute at backward angles is the target-like recoil, while at forward angles both fragments, with a large variety of velocities, act as emission sources. Requiring a coincidence with a DI fragment simplifies the a-particle spectra as shown in Fig. 3b . These energy spectra, which are generated with the requirement of a coincidence with a fragment having 26 ~Z ~40 and a TKE in the DI region, are shown for the same angles as part a. At 90° the singles and coincidence spectra are similar. This confirms our expectation that at this backward angle the bulk of the a-particles are emitted from the target-like recoil. At 60°, the coincidence spectrum again shows only one component, whereas the singles spectrum shows an additional low-energy component. At the most forward angle the singles spectrum is quite complex, whereas the coincidence spectrum can be qualitatively interpreted in terms of a strong component from the target recoil and a weak one from the detected fragment. This latter component has a lower energy in the lab system because it results from the backward emission from a fast-moving source (see Fig. la ).
The integrals of the a-particle energy spectra are shown in Fig. 4 as a function of lab angle for both the singles a) and coincidence b) data. The singles angular distribution shows a strong forward peaking. This anisotropy is primarily due to the multiplicity of forward moving emission sources.
Setting the DI and Z-a coincidence requirements decreases the forward peaking. This is the result of the substantial reduction of strongly forward -8- peaked components, such as emission from the projectile-like fragment. To determine whether or not the main component in the coincidence spectra results from the statistical evaporation from the target-like DI product, the energy spectra must be examined in the rest frame of the emitter.
2) Rest frame
The velocity of the recoil fragment was calculated from the momentum of the projectile-like fragment by invoking momentum balance and utilizing masses calculated by assuming that the neutron to proton ratio is equilibrated. Thus, for a given mass asymmetry, the charge asymmetry is that which The evaporation correction amounts to 7 for Z = 36 . The kinematics also indicates that at an in-plane lab angle of 60°, one cannot observe out-of-plane angles greater than 60° in the frame of the recoil.
If the in-plane distribution of alpha particles has a dependence on ¢RF'then the out-of-plane distributions at fixed ¢L could be quite complicated due to the mixture of many ¢RF angles. On the other hand, if there is no dependence on ¢RF'then all out-of-plane distributions would be identical except that the maximum accessible out-of-plane angle in the rest frame (eRF) measurable at fixed ¢L decreases as ¢L increases. The considerations stated above led us to choose the target recoil direction as the in-plane angle at which to obtain the out-of-plane distributions.
If the strong component observed in the coincident lab energy spectra is the result of evaporation from the target-recoil nucleus, then the a-particle spectra in the recoil frame should have the same spectral shape. Several a-particle energy spectra in the recoil rest frame are shown in Fig. 7 for representative in-and out-of-plane angles, These spectra were obtained in coincidence with projectile-like fragments (26 ~ Z ~ 40) having a TKE in the DI window. With the exception of the 30° data, these spectra are well described by an evaporation spectrum with a nuclear temperature, T, of approximately 2.9 MeV. In addition the location of the peak of the energy spectra is independent of angle in this rest frame. The small difference observed in the peak positions .for the in-and out-of-plane spectra is within the uncertainty in the energy calibrations for the two experimental runs.
The two most forward angles (30° and 42°) contain a weak low-energy component, attributable to backward emission from the fast-moving projectilelike fragment. The only feature in these spectra that is not understood in terms of evaporation from excited nuclei is the excess of higher energy (ERF ~ 15 MeV) a-particles observed at the most forward angle (30°).
a
The uniformity of these spectra as a function of angle strongly suggests that these a-particles are emitted from the fully accelerated target-like fragment. This conclusion is also supported by the examination of the above data in the center of mass of the compound system (Fig. 8 ), A shift in the peak position to higher energies is observed as one moves to larger angles implying that the true moving source must be moving in some direction with a large ¢L. In fact, the magnitude of the shift in the peak seen in Fig. 8 can be readily understood if the rest frame is that of the target recoil, In part b of this figure angular distributions are shown for the same Z bins but with the additional requirement that two or more y rays be in coincidence with the a-particle and the DI fragment. In the mass region covered by this study, they-ray multiplicity is linearly related to the sum of the spins of Under this condition of total alignment of the angular momentum, the angular distribution is given by ( 3) This relation can also be derived from the Ericson and Strutinski 
By fitting equation 5 to an out-of-plane distribution one can extract the root-mean-square spin of the primary spin distribution biased by the angular momentum dependence of a-particle emission. However, since it is reasonable to expect that the fragment spin distribution will reflect the entrance channel angular momentum distribution, one can take the formalism a step farther by folding in this distribution. If the fragment's spin distribution is taken to be of the form 21 and bound by Imin and Imax' then the angular distribution is given by
r (e',<P') 2I a di ( 6) This expression depends upon the relative magnitude of the alpha and neutron total decay widths. These widths can be determined from experimental data or the ratio,
tr( l 1)
In the expression for 6, BE and CB are the a-particle binding energy and a a
Coulomb barrier for a-particle emission, while BE is the neutron binding n energy. The parameter B accounts for the change in the relative a/n decay widths as a function of angular momentum, This parameter depends upon the moment of inertia of the residual nucleus after neutron emission, Jn' as well as J 1 and the nuclear temperature (T), If the ratio r ;r is small, a n then rT '\; rn and the integral in equation 6 For comparison we have fit the data shown in fig. 9a to the four forms of the angular distribution described above. The calculation of the input (Sa)
parameters as well as the extracted spins are discussed in the next section.
V. Results and Discussion
The root-mean-square spin values for the heavy fragment, extracted as a function of exit channel charge asymmetry, are shown in ( 10) Here~ J is the moment of inertia of the residual nucleus and is equal to 2/5
We have used R = 2,53 fm and r = 1.225, a o The trend of these extracted spins agrees with the predictions of rigid rotation of the deep-inelastic complex consisting of two touching spheroids. Table 2 ).
The deformation of the DI complex is reflected also in the fragment kinetic energies. The fragment energies for two equally deformed spheroids is given by ( 11 ) where the Coulomb correction factor (F), the distance between centers (d), and the relative angular momentum (~rel) are deformation dependent.
In Fig. 12a the experimental fragment kinetic energies, corrected for evaporation, are compared to calculations for several deformations. The calculations are for equally deformed spheroids separated by l fm. In this model, a ratio of axes (CIA) of about 2 is needed to reproduce the data, indicating that the nuclei are substantially deformed. In Fig. 12b both individual spins and the sum of the fragment spins are presented along with rigid rotation predictions. These predictions are again for equally deformed spheroids with a ratio of axes of 2 separated by 1 fm. In the lower portion of this figure individual spins extracted from the a-particle distributions as described previously are shown (solid circles). Above this are plotted the sum of the spins of both fragments as determined by two independent methods. In the first method rigid rotation is invoked to determine the spin of the light fragment (IL) from the value of IH extracted from the out-ofplane a-particle distributions. Independently, we utilized the experimental The corrections (I ) p for the angular momentum removed by neutrons and a-particles were done following the prescription described in Ref. 34 . These corrections average 28% and are therefore essential for a quantitative comparison between spins derived from MY and out-of-plane a-particle distributions. Both methods yield results that are relativ~ly independent of mass asymmetry as has been . 6 7 35 observed in prev10us work.'' Since the calculations which assume rigid rotation and a constant £-window (see Fig. l2b ) also exhibit only a weak mass dependence for the range of .asymmetries populated in this system, it is difficult to draw any firm conclusions concerning rigid rotation from the change in the sum of the spins with mass asymmetry. It should be noted, however, that large deformations are again needed in order to obtain quantitative agreement with the summed spins, as is the case for the individual spins and the kinetic energies.
The sum of the spin values reported here agree with previous MY work on the same system. 6 This previous work provided evidence that the failure of they-ray multiplicity to increase with increasing mass asymmetry, a trend clearly seen in the very heavy systems Kr + 165 Ho and Kr +
197
Au~ was due 6 36 to an flv-wave fractionation with exit channel mass asymmetry.
• The evidence presented in Refs. 6 and 36 for flv-wave fractionation in the nearly t · 84 K natAg t h k Th. . d t th f t symme r1c r + sys em was muc wea er. 1s 1s ue o e ac that the experimentally accessible exit channels are near symmetric and thus even rigid rotation with a constant flv-window predicts a weak dependence of the sum of the spins on mass asymmetry. This is clearly seen in Fig. 2 of Ref. 6 as well as in the top portion of Fig. 12b . However, because an individual fragment spin is a much more sensitive probe, we see a strong rise in the individual fragment spin as a function of increasing asymmetry, which is the fingerprint of rigid rotation and a constant £-window. This does not completely exclude the possibility of some £-fractionation for the Kr + natAg system and there is some evidence for it at the largest mass transfers (see fig. 11 or l2b) , where the measured spins fall below the rigid rotation calculation.
VI. Summary and conclusions
We have measured in-and out-of-plane a-particle distributions in coincidence with deep-inelastic projectile-like fragments for the reaction 664 MeV 84 Kr + natAg. At angles equal 'to or larger than the target recoil direction~ the energy spectra are well described by evaporation from a fully accelerated target recoil nucleus. The correlation between the in-and out-of-plane angles for the detection of a light particle in the lab system (¢L.eL) and . . . 
